1. Introduction {#sec1}
===============

Cancer was one of the leading causes of death in the world \[[@B1]\], and chemotherapy, rather than surgery or radiotherapy, remained the most effective strategy for prolonging survival and improving cancer patients\' quality of life \[[@B2], [@B3]\]. Doxorubicin (Dox) was a potential chemotherapeutic agent, and its use was part of several standard regimens for different cancers \[[@B4], [@B5]\]. Although Dox had been shown to exert robust antitumor activity, its effectiveness was often restricted by drug-resistance and dose-dependent side effects, especially the Dox-induced cardiomyopathy \[[@B5], [@B6]\]. Therefore, novel combination chemotherapeutic strategy, in which one novel compound was added to increase the therapeutic index of Dox, would definitely benefit the cancer patients.

The mechanisms of action of Dox in inducing apoptosis in cancer cells via p53 activation had been widely investigated \[[@B7]\]. As the gatekeeper of the genome, the tumor repressor p53 was rapidly activated upon Dox-induced DNA damage and functioned as a transcription factor in regulating downstream target genes, such as *PUMA*,*PIG3*, and *BAX* \[[@B8], [@B9]\]. The novel compounds, which could potentiate the p53 activation after cotreatment with Dox, might work as one "sensitizer" to reduce the "toxic dosage" to "subtoxic dosage" for Dox and prevent the lethal cardiomyopathy. Indeed, several agents, such as IFN-*α*, inorganic phosphate, and curcumin, were reported to potentiate the antitumor activity of Dox via p53 activation \[[@B10]--[@B12]\].

Natural sources, including plants, microorganisms, and halobiotics, provide rich resources for discovery of novel drugs \[[@B13]\]. Ginseng had a wide range of pharmacological actions, such as neuroprotective, cardioprotective, antioxidant, and anticancer properties, which were primarily attributable to the presence of different ginsenosides \[[@B14], [@B15]\]. Among which, Ginsenosides Rg3 and Rh2 were reported to enhance antitumor activity and/or decrease the toxic effects of several cytotoxic drugs, such as Dox, paclitaxel and cyclophosphamide \[[@B16]--[@B19]\]. As part of our continuing effort to discover novel agents from natural products to improve the therapeutic outcome of Dox, we tested the effects of several ginsenosides on its antitumor activity using MTT assay. Ocotillol ([Figure 1(b)](#fig1){ref-type="fig"}), a derivative of pseudoginsenoside F11 from American ginseng, was observed to significantly potentiate the cytotoxic activity of Dox ([Figure 1(a)](#fig1){ref-type="fig"}). In this study, we explored the effects of ocotillol on the potency of Dox and its associated mechanism of action.

2. Materials and Methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Ocotillol, prepared from American ginseng by Shandong Engineering Research Center for Natural Drugs, was obtained as white powder and had the molecular formula C~30~H~52~O~5~, MW 492. Purity of the compound used in present study was checked by HPLC and found to be higher than 98.5%. *In vitro*, Ocotillol, Dox (Zhejiang Hisun Pharmaceutical Co., Ltd., China), and pifithrin-*α* (Biyuntian, China) were dissolved in DMSO and stored at −20°C for less than one month before use. The vehicle, DMSO, was used as a control in all experiments at a maximum concentration of 0.1%. *In vivo*, Ocotillol and DOX were dissolved in 1% carboxymethyl cellulose sodium (CMCS) and 0.9% sodium chloride as proposed dose, respectively.

2.2. Cell Lines and Cell Culture {#sec2.2}
--------------------------------

The human cancer cell lines A549, H1299, MCF7, and PC3 cells, were purchased from Cell Culture Center of Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences. All the cancer cells were cultured in RPMI-1640 or DMEM medium supplemented with 10% fetal calf serum, penicillin (100 U/mL), and streptomycin (100 *μ*g/mL; Gibco BRL, NY, USA) and incubated at 37°C in a humidified air atmosphere containing 5% CO~2~. All cells were harvested in the exponentially growing phase.

2.3. Animals {#sec2.3}
------------

Male nude mice (4\~6 weeks old, BALB/c) were purchased from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences, and Peking Union Medical College. All of the experiments were performed in accordance with the Guidelines for Care and Use of Experimental Animals of Experimental Animal Research Committee of Yantai University.

2.4. Cell Proliferation Assays {#sec2.4}
------------------------------

The viability of cell was evaluated using MTT assay as reported previously \[[@B20]\]. Briefly, cells were seeded into 96-well plates and then treated with tested articles at desired concentration for indicated time. MTT solution was added into the wells and incubated for 2 h. After the medium was removed, DMSO was added into each well. The plates were gently agitated until the color reaction was uniform and the OD~570~ was determined using a microplate reader (Wellscan MK3, Finland). Media-only treated cells served to indicate 100% cell viability, and the relative survival was defined as absorbance of treated wells divided by that of controls, in which the 50% inhibitory concentration (IC~50~) was defined as the concentration that reduced the absorbance by 50% of the controls.

2.5. Flow Cytometry Assay {#sec2.5}
-------------------------

Cell apoptosis was determined by flow cytometry (FCM) as previously reported \[[@B21]\]. A549 cells were seeded into 6-well plates, and treatments were initiated when cells were 60--70% confluent. Tested articles, diluted in medium, were added into the wells and incubated for 24 h, and then cells were harvested by digesting with trypsin/EDTA (Gibco BRL, NY, USA). After fixed with cold 70% ethanol, the cells were stained with propidium iodide (PI) solution (20 mg/mL PI and 20 mg/mL RNase A in PBS) for 30 min in 37°C. Samples were read on a Coulter Elite flow cytometer, and data were analyzed using Elite software program 4.0.

2.6. Hoechst 33342 Staining Assay {#sec2.6}
---------------------------------

Effects of tested agents on apoptosis were visualized and quantified by immunofluorescence microscopy \[[@B22]\]. A549 cells were plated at 50,000 per well in 6-well cell culture plates with glass slides (Corning Incorporated, USA) and cultured overnight. Agents, diluted in medium, were added to desired concentrations. After 24 h exposure, cells were fixed with 3.7% formaldehyde in PBS for 10 min and stained with Hoechst 33342 solution (10 *μ*g/mL). The slides were washed twice in PBS and fixed onto the microscopic slide. The cell images were taken with a Kodak fluorescence microscope, and the number of apoptosis cells was counted in random fields for at least 1000 cells each group.

2.7. Quantitative Reverse Transcription Polymerase Chain Reaction {#sec2.7}
-----------------------------------------------------------------

Cells were lysed in TRIzol (Invitrogen, USA), and total RNA was prepared as previously described \[[@B21]\]. After reverse transcription using a first-strand cDNA synthesis kit (Fermentas, USA), the cDNA was subjected to real-time polymerase chain reaction (RT-PCR) assays using the ABI 7500 RT-PCR System. Primer sequences were as follows: *PUMA*, F: 5′-CCT GGA GGG TCC TGT ACA ATC T-3′, R: 5′-GCA CCT AAT TGG GCT CCA TCT-3′; *BAX*, F: 5′-TGG AGC TGC AGA GGA TGA TTG-3′, R: 5′-AAA CAT GTC AGC TGC CAC TCG-3′; *PIG3*, F: 5′-TTG AGG CAT CTG GAC ATG TG-3′, R: 5′-GGG TCA ATC CCT CTG GGA TAG-3′; *GADPH (control)*, F: 5′-CAT GTT CCA ATA TGA TTC CAC C-3′, R: 5′-GAT GGG ATT TCC ATT GAT GAC-3′.

2.8. Western Blotting Assay {#sec2.8}
---------------------------

Cells were collected and prepared for the lysates after incubation, and then the cell lysates were performed to detect the target protein as previously described \[[@B21]\]. Briefly, total cellular proteins were electrophoresed on 10% SDS-polyacrylamide gels, and then the proteins were transferred to a PVDF membrane (Millipore, USA). After block, the membrane was incubated overnight with primary antibodies to P53 (Do-1, USA) and *β*-actin (C4, USA). The membranes were washed with TBS-0.05% Tween 20 for 5 min thrice and incubated with secondary antibodies and then visualized with an enhanced chemiluminescence detection kit (Amersham Life Sciences, USA). The film was developed, and the scanned pictures were shown.

2.9. Xenograft Tumor Model in Nude Mice {#sec2.9}
---------------------------------------

Male nude mice were introduced to establish xenograft tumor models of A549 as previously described \[[@B20]\]. Briefly, A549 cells were subcutaneously injected at the dorsum with 5 × 10^6^ cells in 0.1 mL, and treatment was started when the tumors reached an average volume of 100\~300 mm^3^. Animals were randomized into 5 groups with 6 mice each group: (a) vehicle; (b) 10 mg/kg ocotillol; (c) 1.5 mg/kg Dox; (d) 10 mg/kg ocotillol plus 1.5 mg/kg Dox. Ocotillol was administrated by oral gavage, and Dox was injected intraperitoneally, which were at a volume of 10 mL/kg based on individual body weight. The mice were checked daily for toxicity/mortality relevant to treatment, and the tumor was measured with a caliper twice a week for up to endpoint days. The tumor volume in mm^3^ was calculated by the formula: volume = (width)^2^  ×  length/2, and the tumor growth curve was presented.

2.10. Data Analysis and Statistics {#sec2.10}
----------------------------------

The results were presented as mean ± SD. Comparisons between more than 2 groups were performed by analysis of variance (one-way ANOVA), followed by Students *t*-test. The level of statistical significance was defined as *P* ≤ 0.05, unless indicated otherwise.

3. Results {#sec3}
==========

3.1. Ocotillol Enhanced the Cytotoxic Activity of Dox in p53 Wild-Type Cancer Cells {#sec3.1}
-----------------------------------------------------------------------------------

A series of MTT assays were performed to explore the effect of ocotillol on the anti-tumor activity of Dox in four cancer cells, such as A549, MCF7, PC3, and H1299. After 72 h incubation, Dox did display robust cytotoxic effect against all the tested cells *in vitro* ([Figure 2](#fig2){ref-type="fig"} and [Table 1](#tab1){ref-type="table"}). Interestingly, cotreatment with ocotillol at concentration of 5 *μ*M, which alone had no effect on cell proliferation, enhanced the cytotoxic effect of Dox in A549 and MCF7 cells (Figures [2(a)](#fig2){ref-type="fig"} and [2(b)](#fig2){ref-type="fig"}). The enhanced effects, however, were not observed in p53-null cells, such as PC3 and H1299 cell lines (Figures [2(c)](#fig2){ref-type="fig"} and [2(d)](#fig2){ref-type="fig"}). The IC~50~ values were calculated and shown in [Table 1](#tab1){ref-type="table"}.

3.2. Ocotillol Potentiated Dox-Induced Cell Apoptosis {#sec3.2}
-----------------------------------------------------

FCM and Hoechst staining assays were then performed to detect the effect of Dox-O on cell apoptosis in A549 cells. As shown by FCM, the ratio of cells in sub-G0 phase, in which they were considered to be undergoing apoptosis, was significantly increased after Dox treatment for 24 h (Figures [3(a)](#fig3){ref-type="fig"} and [3(c)](#fig3){ref-type="fig"}). Ocotillol (5 *μ*M) alone had no effect on apoptosis but dramatically increased the ratio of cells in sub-G0 after being cotreated with Dox (*P* \< 0.01, compared with the Dox only group). Similar results were found in Hoechst staining assay ([Figure 3(b)](#fig3){ref-type="fig"}), in which apoptotic cells were observed with characteristic morphologic characteristics, such as nucleic shrinkage. Apoptosis increased after Dox treatment for 24 h (*P* \< 0.01, compared to control group); cells cotreated with Dox-O showed dramatically increased apoptosis ([Figure 3(d)](#fig3){ref-type="fig"}, *P* \< 0.01, compared to the Dox only group). Ocotillol alone had no effect on apoptosis at the tested concentration.

3.3. Dox with Ocotillol Enhanced the Activation of p53 {#sec3.3}
------------------------------------------------------

Dox dramatically increased p53 protein levels in A549 cells ([Figure 4(a)](#fig4){ref-type="fig"}), which in turn increased the induction of its downstream target genes, such as *BAX*, *PUMA*, and*PIG3* ([Figure 4(b)](#fig4){ref-type="fig"}, *P* \< 0.01, compared with control group). However, DOX-O activated p53 to a greater extent, which enhanced mRNA expression of *PUMA*, *BAX*, and *PIG3* ([Figure 4(b)](#fig4){ref-type="fig"}, *P* \< 0.01, compared with Dox alone group). Ocotillol at tested concentration had no obviously effect on the mRNA expression of *PUMA*, *BAX* but decreased mRNA expression of *PIG3*.

3.4. Ocotillol Enhanced Potency of Dox in a p53-Dependent Pathway {#sec3.4}
-----------------------------------------------------------------

Pifithrin-*α*, a p53 inhibitor, is often used to explore the p53 signal pathway \[[@B23]\]. As shown in [Figure 5](#fig5){ref-type="fig"}, the increased proapoptosis genes induced by Dox-O, such as *BAX*, *PUMA*, and *PIG3*, were significantly attenuated by being coincubated with pifithrin-*α* ([Figure 5(a)](#fig5){ref-type="fig"}, *P* \< 0.01, compared with Dox-O group). FCM ([Figure 5(b)](#fig5){ref-type="fig"}) and Hoechst staining ([Figure 5(c)](#fig5){ref-type="fig"}) showed pifithrin-*α* to significantly suppress the increased apoptosis in the Dox-O group (*P* \< 0.01, compared with Dox-O group). As a result, the enhanced cytotoxic activity of Dox-O was dramatically attenuated when cotreated with pifithrin-*α* ([Figure 5(d)](#fig5){ref-type="fig"}, *P* \< 0.01, compared with Dox-O group).

3.5. Ocotillol Potentiated the Anti-Tumor Activity of Dox in Xenograft Tumor Model {#sec3.5}
----------------------------------------------------------------------------------

A549 xenograft tumor was established, and the mice were treated with vehicle, ocotillol, Dox or Dox-O. As shown in [Figure 6(a)](#fig6){ref-type="fig"}, ocotillol at dose of 10 mg/kg, which alone had no obvious effect on the tumor growth, could significantly increase the anti-tumor activity of Dox administrated every three days at dose of 1.5 mg/kg (*P* \< 0.01, compared with Dox alone group). Little weight loss was observed ([Figure 6(b)](#fig6){ref-type="fig"}), and no animal was dead in all treated groups.

4. Discussions {#sec4}
==============

Cancer was one of the major causes of death in the world, and its first-line and most salient treatment strategy still was the cytotoxic agent-based chemotherapy \[[@B2], [@B24]\]. Although Dox-based chemotherapy could increase patients\' survival, side effects and acquisition of drug resistance severely limited its clinical effectiveness \[[@B25]\]. Therefore, novel therapeutic strategies, in which cotreatment with a sensitizer could reduce the cumulative doses of Dox by enhancing the anti-tumor activities, needed to be developed. Here, we provided the first evidence that ocotillol could potentiate the cytotoxic activity of Dox via p53-dependent apoptosis.

In current study, ocotillol was observed to induce higher sensitization to Dox in p53 wild-type cell lines, not in p53-null cells ([Figure 2](#fig2){ref-type="fig"}), which indicated the enhancement of ocotillol on potency of Dox might be in a p53-dependent manner. Based on our previous data, ocotillol did not aggravate the cardiotoxicity of Dox in H9C2 cells \[[@B17]\]. Indeed, ocotillol could significantly enhance the anti-tumor activity of Dox in xenograft tumor models without apparently increasing its toxic effect, which was primarily evaluated by the animal survival and body weight ([Figure 6](#fig6){ref-type="fig"}). Dox-O combination therapy, therefore, could exert more robust anti-tumor effects and does not increase toxic effects, which might in turn decrease the cumulative toxic effects through reducing Dox dosage.

Inducing apoptosis was a common mechanism of anti-cancer drugs \[[@B26]\], in which the apoptotic cells were easily detected by several methods, such as FCM and Hoechst staining \[[@B27]\]. Stained apoptotic cells are showed with less nuclear PI dye and could be recorded as sub-G0 phase in FCM assay, and morphologic characteristics of apoptotic cells such as nucleus shrinkage and DNA breakage were shown after stained with Hoechst 33342. In the current study, both FCM and Hoechst staining showed proportions of apoptotic cells to be dramatically increased in the Dox-O group compared with the Dox alone group ([Figure 3](#fig3){ref-type="fig"}), indicating that ocotillol potentiated Dox cytotoxicity via promoting the cancer cells undergoing apoptosis.

As a transcription factor, p53 played an important role in many cancer drugs\' anti-tumor effects, including both "cytotoxic drugs" and "target drugs" \[[@B28]\]. Doxorubicin, paclitaxel, etoposide, and cisplatin reportedly exerted cytotoxic activities through activating p53, resulting in increased expression of its target genes, such as *PUMA*, *PIG3*, and *BAX* \[[@B29]\]. In this study, mRNA expression *PUMA*, *PIG3* and *BAX* were increased following p53 activation after Dox treatment. Dox-O was seen to further increase mRNA expression of *PUMA*, *PIG3* and *BAX* ([Figure 4](#fig4){ref-type="fig"}), which were all known to be proapoptosis genes, induction of which led cells to undergo apoptosis. As a result, MTT assay detected this as decreased cell viability.

To verify that ocotillol\'s effect on the cytotoxicity of Dox was through p53 pathway, the p53 inhibitor pifithrin-*α* was used to block p53 transcription activity \[[@B23]\]. Indeed, pifithrin-*α* could significantly attenuated the increase of pro-apoptosis genes induced by Dox-O ([Figure 5](#fig5){ref-type="fig"}). As a result, the increased Dox-induced apoptosis in both the presence and absence of ocotillol was dramatically attenuated by co-administration with pifithrin-*α*. Consequently, the MTT assay showed that pifithrin-*α* repressed Dox cytotoxicity with and without ocotillol. The finding was consistent with the fact that Dox displayed anti-cancer activity through, or at least partially through, activating p53 \[[@B29]\]. All of these results showed clearly p53 played the major role in the effect of ocotillol on Dox potency, The exact molecular mechanisms of action, how Dox with ocotillol could further activate p53, and which regulator protein was involved were still needed to be explored.

5. Conclusion {#sec5}
=============

We here reported for the first time that ocotillol enhanced Dox cytotoxicity apparently by inducing p53-dependent apoptosis. This implied that use of ocotillol with Dox could be an improved therapeutic strategy.
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![The effects of four ginsenosides on the cytotoxic activity of Dox in A549 cells. (a) A549 cells were seeded into 96-well plate and treated with Dox (0.2 *μ*M), ginsenoside (5 *μ*M), or the combination as indicated for 72 h. The cell viability was detected by MTT assay after 72 h incubation. (b) Chemical structure of ocotillol. \**P* \< 0.05, compared with Dox group.](ECAM2013-468537.001){#fig1}

![The effects of ocotillol on the cytotoxic activity of Dox in human cancer cells. A549 cells (a), MCF7 cells (b), PC3 cells (c), and H1299 cells (d) were seeded into 96-well plate and treated with Dox (○) or Dox + ocotillol (*▼*) as indicated. The cell viability was detected by MTT assay after 72 h incubation. ^\#^ *P* \< 0.05, compared with Dox group.](ECAM2013-468537.002){#fig2}

![The effects of ocotillol on the cell apoptosis induced by Dox in A549 cells. A549 cells were seeded into 6-well plate and treated with Dox (0.5 *μ*M), Oco (0.5 *μ*M), or the combination for 24 h. The cells were then subjected to flow cytometry assay (a) to determine the percentages of apoptotic cells (c) or to Hoechst staining assays (b). At least 1000 cells were randomly chosen, and the numbers of apoptosis cells (determined by the morphologic observation) were counted (d). \**P* \< 0.05, compared with control group; ^\#^ *P* \< 0.05, compared with Dox group.](ECAM2013-468537.003){#fig3}

![The effects of ocotillol on Dox-induced p53 activation. A549 cells were seeded into 6-well plate and treated with Dox (0.5 *μ*M), Oco (0.5 *μ*M), or the combination for 24 h. The cells were then lysed for immunoblotting to measure expression levels of p53 (a) or lysed for qRT-PCR assays to determine the *BAX*, *PUMA*, and *PIG3* mRNA levels. Data were depicted as average ± SD values of 3 determinations. \**P* \< 0.05, compared with control group; ^\#^ *P* \< 0.05, compared with Dox group.](ECAM2013-468537.004){#fig4}

![The effects of pifithrin-*α* on the cytotoxic activity of Dox-O in A549 cells. (a) A549 cells were seeded into 6-well plate and treated with as indicated for 24 h. The cells were then lysed for qRT-PCR assays to determine the *PUMA*,*PIG3*, and *BAX* mRNA levels. (b) and (c) A549 cells were treated as indicated for 24 h and subjected to flow cytometry (b) or Hoechst staining (c) to determine percentages of apoptotic cells. (d) A549 cells were treated as indicated, and the cell viability was detected by MTT assay after 24 h incubation. \**P* \< 0.05, compared with control group; ^\#^ *P* \< 0.05, compared with Dox group. \*\**P* \< 0.05, compared with Dox plus ocotillol group; ^\#\#^ *P* \< 0.05, compared with Dox group.](ECAM2013-468537.005){#fig5}

![Effect of ocotillol on the antitumor activity of Dox on A549 xenograft tumors in nude mice. Tumor diameter was serially measured with a vernier caliper, the relative tumor volume was calculated, and the growth curve was drawn (a). The body weight changes of animals were recorded and shown (b). Vehicle (●); 10 mg/kg ocotillol (■); 1.5 mg/kg Dox (○); 1.5 mg/kg Dox plus 10 mg/kg Ocotillo (*▼*). \**P* \< 0.05, compared with control group; ^\#^ *P* \< 0.05, compared with Dox group.](ECAM2013-468537.006){#fig6}

###### 

Inhibitory effects of Dox, Oco, or the combination on tumor cell lines.

  Cell line   p53 status                 IC~50~ (*μ*M)    
  ----------- ------------ ------------- --------------- ------
  A549        Wild type    0.16 ± 0.01   0.04 ± 0.01     \>50
  MCF7        Wild type    0.24 ± 0.03   0.05 ± 0.01     \>50
  PC3         Null         0.27 ± 0.03   0.24 ± 0.02     \>50
  H1299       Null         0.22 ± 0.04   0.16 ± 0.01     \>50
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